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‘1’IIc  IIitcgratccl  Mocldingc)f OI)tic.al  SystcIIIs (lhfoS)  IIltcg,ratio]l  Wc)rkl)cvlcll  a t  J]’],  h a s  l)CCII usd to IIIodcl
tlIC dfccts c)f s t ruc tura l  ],crturbaticn}s  CIII tllc c~])tics ill tlIe ])ro]lcmd orl)iti]l~; Stellar IIltm-fercllndcw ( 0 S 1 ) .  0 S 1
cc)l)sists  of 3 ]]airs  of illtmfcxo~lidcxs  allcl clcday lillcs attaclld to a 7.5 ]nct,cr t russ . ‘J’] Icy arc illtcrfcrc]t[lctrically
rllcmit,cwccl frc~li)  a sc]]aratc  lIooIII  I)y a  laser  IIlct,rolc)gy Systclll, ‘J$IIC  s])atially  clistril)utecl ~laturc c)f tllc sc.icmcc
illstruIIlcnlt  calls fc)r  a IIigll lcwcd of illteg;ratioll  hetwcml  tllc c)]]tics allcl su]~l~ort strut.turc. ]Iccausc  OSJ isclesigIlcd
tc, dlicvc Illicro- arcsccoIlcl  astrolImtry,  lnally  of its aliglllncvlt,  stal,ility, allcl lcIIowlcclge tc~leral)ccs arc il) t.lIc slIb-
lllic.rc)rl rcgilnc. ‘J’hc sl)ac.ecraft will bc sul)jcc.t to vil)raticnm  causcc] by react ion wlIds a~lcl c)]l-l)oarcl cxlui]~][ic]]t,
a s  we]] as tllcr]]]al  strail[  due tc) sc)lar a]]cl tcvrcstri:il  IIcati]lg. ‘J’licsc ])crturl]atio]]s  aflec.t o]~tic.al parall[dcrs  suclI
as q)tical l)ath  cliffmel~ces and bcalri  cc) ]Jarallc]is])l  wljic.]1 arc critical tc) illstru]nclit  ])crfcm~]lallc.c. lMOS  p r o v i d e s
all (!llVirO]l]IICIlt  that dlOW’S  C)11(2  tO dCSi@l  and ]Ic!rt(]rl)  t]lc! Str\l C.tl]rC!, atta C}l C) J)ti CS tC) Still CtUral  Or 110]1-Structura l

lIoclcx, trace r a y s ,  allcl allalyzc  tllc iill~)act c]f IIlcc.lla]lic.al ]Jcrturbaticnls  cm o})tic.al ;Jcrfc]rlllallcc.  ‘1’ljis t o e d  Inalccs
it si]ll])lc to cllallgc tlm structure allcl ilrillldiatdysec I)crforl])allc.c cllliallccIllcl  lt/clcgraclaticJll. WC II ave CtI-I]IlOyeCl
IMOS tc)al)alyzc  tllc eflcct ofreactioll wlId clisturl)allccs  C)JI tllc cl])tical ])ath cliflk:rcvlm i]) I)otll tllcsc.ic]lcc  allcl
lllctrc)]c~g;y  il)tcrfcrcn  []ctcrs.

‘J’]Ic  orl)itillg Stel lar  IIltcrfcxc,lnetcr  (OS1)  has hccn ]IIo])osccl  as a s])acc-bascc]  illsbulncllt that c.a~l ol,taill  rllicrc~
arcscm)ld  (5 x 10 - 12 ]adian) astrc)llletric. Ijrcc.isic)ll [1]. ‘1’)iis i]lstrulnc]lt  will ac.collll)lisll a large  llutlll~cr of science
c)hjcctivm illc]udillg  im]]rovccl kllow]cc]gc o f  c]istallc.c tc) (;c])]liccl  variah]cs,  fillclillg extra-  sc]]ar ]Jlallcl,s, and t]lc
clyllalnic.s c)fglc]l)ular clusters. Aclclitiollally, the i]lstru]l]c)lt  is ca])al]lc  c)f fc)rIIlillg  i~llagcs with 3 tililcs  the rcsolutiol~
c~f tllc Ilul)h]c  Sj)ace ‘ldcsco]Ic.

O S 1  consists  c)fflsidcrostats  that fc)r)113])airsofc~]Jtical  illterfcrc)lflctcrs,  ],lusascwcl]th siclcms(at  that acts  as
a sl]arc. ‘J’lic sl)accc.ralrt  is COIII1)OSCCI  of twohcjc)llw:  tlIc siclcrc)stat hocnn contains  all tlic lollg-l)asclit~co}ltic.s ant]
all Jliglit systmlls; tile ]Jlctrc~logy  bOc)lII su])]jorts alI Cxtcrllal IIlctrolc,gy  Systcv)l that Illc)nitcms r e l a t ive  ]Iloticnlsc,f
tllcsidcv-ostatls.  l“igurc 1 sllc,wsa  cliagrallloftllc II[riillo],tical  cc)llll)ollelltsc c)llfigllrccl  ill tlIc s;,acccraft.

O S 1  lncasurws  the angular clistal)cc I)ctwccrl stars I)y adjlistfirig  tlIC ]Iositicllls of clclay lirlcs until  white light
frillg;csarcol,scrk’c(l  ill each of3 hase]illcs. “1’lIc ])ositic,l]  c)f tlic clclay lillcx relative tc)tllc ottler  o]ltics  islllonitorcd
hy illtcrllal  lnetrc)]ogy  laser bealrls  (Ilot slIcnvII  it) l’igurc  1) that fc~llcm’ tllc o~,tical ])ath of tllc s t a r l i gh t  tllrougll
tllcilltcrfcro]llcters l,cfc,re rctrorcfloctillg  frcnllccmllcr  cubes Inc,ulltcclc)l] tllcsiclcrostats. l’;xtcrlial Illetrologybcallis
origillatil]g,  frol]l tile IIlctrolc)gy t r i ang le  IIlo)litcm  tllc ]]ositicjlls ill 3-s])acc  of tllc siclcrc)stats frolll tll C sallw  ccmmr
culm sllrtrcd I)y tllc itltc.rllal IImtrolog,y L)callls. ‘1’lIc  extcrljal  Illctrology  lmallls  dctelli~illc  tl]e relative oricmtatiol]
a~ld lc]Iglh  o f  tllc basc]lillcs, wIlilc2 tlic illtmllal  IIlctrology I)cal[ls lnollitor  o]]tical ]Iatll cliffmcllc. es l)ctwccn tllc twc)
arlllsof tllc itltcrfcrolllcter.

‘J’wosidmostat  pairs obscrvc  hrig,l]t rcfm-cnlcc sources wllilctllc third  ])airc)lmrvcs  tllesc.icvlcc ol)jmt. ‘J’hctwo
rcfcrcvlcc sidcrc)slats  ]]roviclc  hig]l l~rcc.isioll  attitude kllcwlcdgc  for roiatiol[  al]cjut tllc Y allcl 7, axes, wllilc a star
trac.lmr indicates tllelcss c.ritical roll al)c~ut tllcX axis (l’ig. 1) .  Attittlclek i}o\\’lcdgec {cterll~il~c(l  fro)llthereferencc
base] illcsj c.c,lIli]irlccl  w'i[t)I  t]lcirltcrrla] allclcxtcr]~a] lllctlc)]cJgy sip;lla]s,  a]]o\\sa l)al)so]lltccl  ctcrlliillaticJllc]  ft]lcaIlg]e
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Figure  1: ‘J’}Ic orbiti]lg Stel lar  lnterfcrornetcr. ‘J’his diagrarll  shows ]nost  of the kcy o])tical  co~n])cmcntsfor  two
sidcrostat/kJcall  l-colllt]illcr t,raills.

bctwcell  tllctwc, rcfcrcllcc slarsalld tllcsc.icl]ccc  )bjcct. l''orastroIllctry, tllisfixcs tlJc]lositic]ri  ofastar:tloIlg  alil~c;
tllc otllcr  clil[lensiol) is clctcrrllincd  hy rotatillgtlle sl)ac.ccraft and rc])catillg  tllc IIlcasurclocnt,.

'l'oacJ~icvc lIlicro-.arcscco)id], rccisior,jl,otlls  t.arlig)lt al, d illtml]al  a~lcl cxterllal  Illctrology  ol)tical  l)atlls]llllstbc
lncasurecl at subllanoltlletcr levels. ‘J’]lisrcquircs  alt u)lclcrstallclillg ofllow  tllcl!}cclla~lical  disturl>anccs  pro]jagate
through  tlIc s t ructure and ]Icrturh  tllc o])tic.al  bcalns  at the bcaln  colnl]it)crs. ‘lb acc.c)ln~,lis]l this wc usc a ncw
toc,l, tllclntcgratcc] Moclclirlgo fOptic.alSystclns  (IMOS) workl.)c]lcll  [2,3,4], lh!OSisasct ofstruc.tural,  optical ,
slid tllcrlna]  ]ooclcling tools that all functicni ill a sillglc l’rc~-hfatlal)  [5] l)ascd cvlvironrncnt.

‘J’lIc IMOS structura] ]node] i s  based  OJ) bcal~ls, ICICIS, ])]atcs allcl  lnasses t]lat a r c  all co~lllcc.tccl  t o  a  s e t  c)f

gricll)c)illts, Fullctiolus e x i s t  f o r  asscll]bli~lg tlic IIIaSS al}d stifl]lcss  Il)atricics,  collvcrtillg  a dyllalnics  or  Illodal
Inoclc] to state-sl)ac.c forlo,  allcl pcrforIIlillg  a Guyall  reduction c)f the Iooclcl. ‘J’hc o])tics moclulcis based on the
(;on~rollcd ()})tics Modclingl’ackagc (CX3M1’)  [G]. COM1’ is asct ofsta~lcl-alonc  a]ld subroutillc-basccl  computer
tooh~fo  r] JcrforIoin  glargcray traces, near and far-field diflractic)l)  coll~~)tltatiolls,allcl  lillcar  differential ray-traces.
As dcsc.ribcd  ill section 3, the scl]sitivity  Inatrix derived frolli the clifl’crcxltial  ray-traces ]Irovidcs a direct link
of tlIc optics Incrdc]  to the structure. “J’hc tllcr]jlal  moctulcir]  lhl OS is based on the “J’hcrlnal Radiation Analysis
Systmrk  (’J’RASYS)  and t,llcsystcl]ls )l~tcgrat,ccl NuIncric,a] ])iffcrcllci]lg Al)a]yzcr (SIN1)A) ])rogral Ils. ]nit,’scurrc:lt
itll}llcll~c~ltatioll, IMOS is used to co~o])utc illl)ut  files for SIN1)A and ‘J’ltASYS.  ‘1’lICSC  ])rogralns  arc  cxccutcd  c~utsicle
tllc 11’ro- Matlal)  cllvironlnellt,  allcl I)roclucc therlnal force ilj])uts that arc USCCI by IMOS to c.orl-l])utc tllcrIIlal  loads.
]]) flltUrC  VCNiCI]lS,  thC thCr]l]a]  IllOCIU]C  Wi]l  bC IOOrC ]Iig]lly  illtCgI’atCd  tO t]lC  O])tiCS  aIld IIICChaIliC.S ]) OrtiOI)S  O f  t]]c

cc) dc! .

2  [ ) S 1  S9’1t,lJ(:’1’lJl{.lI;  ANI)  01’’J’1C:S

2.1 Strwctllrc!

‘J’IIc  lMOS structural moclc] of OS1 consists of 139 alulninull]  l]cal[ls, each about 1 m lo~lg, and 35 }Jlatcs, each about
1 lIIZ,  c.ollllcctecl as S] IOWII ill Figure  2. Aclditiollally,  tllcrc  arc 39 ~~oint ll}asscs distril)utcd  along  tllc structure, each



.,

5

4

3

:>

I

c1

-1
‘iL

4

6

Figure  2: ‘1’lIc lhf OS structural  Inoctcl of 0S1. Plates covcri)lg  the sicterostat  krooIII  aclcl stifiness  ancl clistributc
tlIcrlnal  loads. IIcrlcs in tllc ~Jlatcs  that allow starlight to enter  tllc irltcrfcrolncter  are IIOt SIIOWJI.

c.cmncdmcl  by a tri])oct Ito tlIc three closest gricl ])oillts. ‘1’lICSC  lnasses  rc]mcsc]lt  the o])tics and key system c.olnponcnts
such  as ])owcr systclns, reaction wheels, etc. SoInc  ccmnponents,  such as the siclcrostat,  primary, scc.onclary, and
fast-steering Inirror  of a siclcrostat  bay, arc lUIII]JCXI into one Inam. ‘J’hc total ~nass  of the spacecraft is 1658 Kg, of
wllicli 1475 Kg is ~icl~~-str~lc.t~lral.

‘1’lIc structure is clividcd into  the sidcrostat hootn  and metrology boot-n. After launch, the lnctrc)logy hooln
allcl metrology triangle arc deployed into the ]Josition shown irl 1+’igurcs 1 and 2. In the IMOS model, hin.gcs  arc
a.ssu[ncd  to be rigid after  clcploylncI~t. in ac]clition, the support, hcams  between the sictcrostat  booIn  ancl the end of
the metrology boom arc also assu?nccl to be rigid after ctcploymclit.

All grid points assc)ciated witli  a hcaln  c]c]ncnt (havi])g axia],  torsional, ancl 2 tra~lsvcrsc bending stift’ncsscs)
have 6 clcgrccs of freedom. Gricl points associated with masses (which arc points ancl therefore IIavc no rotational
i]icrtia tcrlns) have only translational degrees of frccclorn. III total, the moclcl has 441 degrees of frecdo~n.  We
IIotc that tlIc co~nputationa]  ti~ne for constructing the maw  and stifl’ncss ]natricics  ancl determining the structural
~nodes is about 20 minutes on a SUII S1’ARC 2 workstatic)ll.

2 , 2  [)~)tics

‘J’IIc ctottcd lines in ]“igurc 1 show the optical path fc,llowcd  tJy starligl)t. in each of 2 ol,tical  trains, the light first
reflects ofl of a sidcrostat, then is colnprcsscc]  frorll a 33 cIn bcaln to 2.5 cIn. After  passing through the center  of
the colnprcwsor  prilnary,  a fast-stccritlg lnirror  clircc.ts the light to a Lank of ~nirrors  that select me of 8 delay lines,
‘J’IICWC  Inirrors  direct  tlic light across the siclcrostat  t)oolll to a SCC.OIIC1  set of articulating mirrors that arc pointed
Lctwccn a siclcrostat  a]ld bcaln combiner. ‘J’his allows any sidcrostat to usc any clclay line. After rctrorcflccting  in
the delay line, w]lich is composed of a parabo]a and flat sccolldary,  the light  tlicn c)ltcrs the bcaIn combiners wllcre
it is interfered at a bcaln-splitter wit]} li.gl]t frolll another siderostat.

A full o}ltical IJrcscri])tio]l  was clcsignccl for twc) o]~tical trains followi]lg  light froln siclcros~ats  1 and 7 (at opl~ositc
CIICIS of tllc siclcrostat  boo]n,  as seen in Figure 1 ). AlcIIIg with tllc usual ol}tical t)rescription  clata,  the COh41’  Inoclcl
incluclm a rotation/translation ])oint for each Clerllcllt. III our case, we take  this  pc~int to be ticcl to tllc closest



strllc.  tura] grid ]Joint,, so t]lat Inotioris  of ttlc ol)tic.al clctl}cnts arc related Lry an itl)aginary  lever ar~n ticxl to their
rcs])cc.tivc  grid Jloi[lts. WhcII  the structure is ~)crturl~cd, ~l~oticms of t,hc o]}tics arc tied to these grid l)oint,s via the
o])tical  sensitivity lllatrix,

in the COMI” cnvironlncnt,  a diffcrclltial  ray trace is ~)crforlncd. ‘1’llis ray trace dctcr]llincs  tllc sensitivity of
a L’ily to ]notion Of t}IC  CICIllClltS. ‘J’he resulting lnatrix, c.a]lccl COpt hm 7R x 6N e]cmcmts,  where N is the nu][lbcr
of oJ)tic.al  clclncl  Its in the bcarn train, and IL is tllc Jlulnhcr of rays traced. Since wc arc only interested in 01)1)
fluctuations and bealn  deviations, just the chief ray is used ill our sinlulatiolls.  For the current 0S1 Inodel,  N= 10.
The 7 rows are for ray direction perturbation (3 rows), ray trallsvcrsc  aberration (3 rows), and ray optical path
difbwncc (1 row), l;ach  ele~ncnt call bc ]mrturbcd  in 6 dcgrccs of frecdoln,  thus the lnatrix is 7 x (IN.

A sc])arate  sensitivity ]natrix is colnputed  for each o])tical train. “J’he  lnatricics arc then exported from (X) MI]
to the IMOS environrncnt.

lMOS  a.sscInhlcs  tllc structure i]lto a ]nass matrix M a~ld stiffness ~natrix  1<. ‘J’lle J’ro-MatlalJ  function “eig” is
tlml used to Jllld the eigcnvectors  and eigenvalucs  of M-1 K. “J’hc eigellvectors  are mode shapes and eigenvalucs
arc squared ]nodal  fmqucncics. Modal vectors arc thcll norlna]izccl to unity Ioodal  ]Ilass.  With this nor]nalization,
the cquatiol} of ]notion  for the structure can bc written

where

(1)

tmcl ~~ is the moclal state vector, representing the amplitude of each of the M ~nodes. Subscripts re~)rescnt  the size of
tllc sub-m  atricics.  O is a matrix of zeros, and 1 is the idclltity  matrix. w is a diagonal lnatrix of loodal freclLlencics,
while ( is the diagonal ~lloclal da~npi]lg matrix. Z is tllc force illI)ut vector; it’s i elements arc tllc degrees of freedom
where forces are to bc a])p]icd  to the structure. @ is all array whose fi4 co] Ll)nns are each a mode s]lapc  and whose i
rows.  arc Inodc  clisp]ac.enlcnts for the clcp;recs of frecdcn)l sJm.ificd by ~. d) is a sLlbsct  of t]le full lnodcshaJw  lnatrix.
Note  t.llat d~t, tlie transJ>osc  of d) is LMCC1  here.

‘J’hc equations of motion are cornbil]ed with tile lncassLlre]ncnt  eqLlation

LVIICIC  @ is again a subset of the full modeshapc  ~natrix. It’s c rows rwprcscnt the degrees of frecdo][]  that are to be
analjwcd.  l,ach elclncnt  of J is t}le ~notion  of a specific degree of freedo~n (1)01).

l;c]uaticms (1) and (2) arc co]nbi]lcxl  in the general first-order state-space for~n given t,y

wllcrc the definitions olf A, 11, a~ld C can be illferrcd from tllc collations. Once in state-space form, the system
can thc]l bc cxerciscxl by standard MA’1’I,AII  functio)ts “lsi~n’)  for li~lear tiJnc silnu]ations  and %odc”  for trawsfcr
function analysis.

O])tics arc integrated into this systcln  by lnoclifying the ~ncasurerncnt  ecJLlation (cq. 4). ‘1’hc C matrix converts
nloda]  alnp]itLldcs  to IJ(OF ~notio~ls,  while the oJ)tic.al sensitivity nlal.rix,  COp~, converts 1)011’  lr”lotior~s to oJ~tical  raY
pcrtmhations. IIy selecting in C the same  lJOIr sulmct spccificd in COJ,~,  a ncw Incasurcrne]]t  equation is forInecl
w]lcre  tile OLltpUtS ~ arc the optics] ])crturbations  desired in tllc a)la]ysis:

(5)!7 = Coptc$  = G,,t$  .



x  101 RI.ACI  ION Will’1 1. llARhloNIc’S  ION 455 Rl,hi
3,s~ T- ,. - - , r -–, -,

I 0.-  Axial ,01,,, 0

.

$’

x ,. . . . . . . . . . . . . . . . . . . . . ,
20 40 (KJ 80

Frequency  @lz)

0

, .—..
100

Figure 3: lIY1’  reaction wheel harmonics for a wheel s])eecl of 455 rpm. For the reaction wheel irnIJlenlentecl in our
0S1 study,  torsional moments arc applied about the z-axis, axial forces are along the z-axis, and radial forces are
in the x-y plane.

Note  that ~ can still include non-optical terms as well. Rows can always be addecl to the Cne~ Inatrix that
convert E to a dcsirecl  rne~~urelncnt.  In the present case, angulaT  lnotions of the metrology boom relative to the
end of the sidcrostat boom were also illc]udcd in the lllca.wre~ncnt  equation.

As noted above, CO~,t is computed for the optical train of each intcrfcro]neter  arlll. Silic.e wc arc interested only
in the optical pat]i  ditlferences  and relative angular deviations betwcm the beams that reach the beam combiner,
we subtract the two C,.l,t matricics froln one anothm  so that the mmsurclncnt  equation is actually

~ = (Copt,  ] - (:opi,z)c;i:  = (;ne~i  . (6)

4  REACq’10N W} IF~F.IJ MODEL

0S1 currctltly  uses the IIoncywell  11R195 reaction vvhccl as part of its attitude co~ltrol systeln.  ‘1’his is the same
whcc] that is being used in the }Iubb]c  Space “Jk]escope. ‘J’his wheel  has a maximum angular  lno~nentuln  of 264
NIns, output torque of 0.7 Nm, and Inaximurn  speccl of 3000 rpln.  (El has a slew requirement of 114° in 20 minutes.
(rJ’his is based upon orbital parameters, sun/cartl,  view restrictions, and lninilnuml  i~ltegration  tilne/orbit.  ) For
a bang-bang controller mnploying  the IIS’J’ reaction wheel, the reaction wheel ac.llicvcs the required slew rate by
spinl(ing  Up to 455 rpm  in 10 minutes.

‘1’})c  }lSJ’ reaction whcc]s  have undergone thorough vibrational tests [7]. ‘J’lIcy  exhihit radial, axial, and torsional
forces, each with  several harlnonics  of tile rotational speed. Figure  3 shows a plot of these forces for a wheel speed
of 455 rpll].  ‘1’hc  forces for a given harmonic all increase quadratically with wheel speed.

WC have ]nodcled  a single reaction whcc] that is attachccl  to the structural grid point that is closest to the
spacecraft’s center of loass.  q’hc reaction wbccl is assulrlcd to bc located exactly at that grid point, and is attached
citllcr  rigidly or via a clamping n~cchanisrn. ‘1’he  wheel spins shout the z-axis, so that tlm axial forces are applied
along, z, the torsional rnommts arc about the z-axis, and radial forces arc in the. x-y ]Jlanc.

‘J’llc isolator is based on a design by l)avis [8]. It is a scconcl  orclcr dalnpcr wit]} break frequency at 4 IIz.
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l“igurc 4: NorInalizcd  Jlankc]  singular values for th]ec  cliffcrcnt  cost functions. Modes beyond 300 arc would
illdistil]gllisllable  frOIIl zero on this p]ot.

l’ltrthcr  dct  ails arc given by Melody [9]. ‘llc itnplcli  wntation  of the isolator assulncs  that there is J~o dynalnic
intcrac.tion  Let wcen th c isolator a~ld the structure. ‘1’lIis  may not bc a good assumption since the lowest ~nodcs of
the ,structurc  resonate at 5-10112.

5 MO1>EI,ING

5.1 }Ial~kcl  Singular  Values

‘J’hc free-free model has 441 degrees of frccclom  and therefore generates 441 moclcs. It is desirable to reduce the
actual nulrlbcr  of modes used in the modclillg  by eliminating those modes that contribute little to the metrics of
inte~cst. “1’o accolnplish  this, we evaluate the l]aukc]  sil}gular values (11 SV) for each mode and for each desired
output. llaukcl singular values are essentially a product of a mode’s output contribution and contro]ability,  weighted
by the ]nodc’s cigcnvaHuc  (frcqucncy2).  Out],ut contri},utions  arc cornputcd  by multiplying the optical sensitivity
lnatrix (or other suitable matrix, depending on the desired output) by the modes of the system. Contro]ability  is
colnputcd  by multiplying the transpose of the lnodc  IIlatrix  by all array with dcgrccs  of freedom set according to
the force in])uts.  in our case, these are the dcgrccs of freedom associated with the grid point where the reaction
whcc] is attac.hcd.  A ~I1athcInatical  description of this process is given Lry Mc]ody [9].

Figure 4 shows the norma]izcd  llSVS for all 441 modes for three cases: 01’IJ between the two sidcrostat trains,
relative angular deviations tretwccn the bcarns,  and angular changes of the tip of the metrology boom with respect
to the ti]) of the sidcrostat boom. ‘J’he  01’1) and angular deviation symbols show that low order modes contrikrutc
little to sidcrostat errors. “J’his is bccausc  the lower Illc)dcs arc mainly flcxurcs of the rnctrology  troom. ‘J’lic triangles
in Fig. 4 verify this. ‘1’hcsc plots indicate which niodes  should bc targeted for dalnping using passive or active
struts.

WC have parcel down the nulnbcr  of Inodcs frolli 441 to 158 by keeping only tliosc  modes that have. lISVS >0.1
in an~y of the three out]~ut functions. ‘J’his results ilL a mode distribution that covers the frequency range from 5
IIz (the first non-rigid body mode) to 639 ]Iz (mode 250), plus tllc 6 rigid body  ]nodcs.



5 .2  lk!qum~cy  Domain  M o d e l i n g ,

O u r  ~noclcling takes  place  in the frcqucuc.y  dotnaili. ‘JihC transfer function of the syste[n  is c.omputccl  for each of
the 4 input, forces using I’ro-Matlab function “llodc. “ ‘1’he  4 forces are radial reaction wheel harlnonics in x and y
(2), axial har]nonic.s in Z (l), and torsional ]nolne]its  arorrl,d  tl,c z axis (1). l;ach  call to IIode results in 7 transfer
functions: 3 optical Learn angular deviations, onc 01’1), and three angular dcviaticms  of the til, of the metrology
t,riauglc with respect to the cnd of the sidcrostat bc)om. ‘llansfcr  functions arc evaluated in 1 117 steps LA wcen 1

JIz and 1 kllz.

W C then C.11OOSC  a wheel speed and dctermiuc  its har]nonics. ‘l’lie IIodc plots arc interpolated at the reaction
whcc] harlnonic. sj ancl the interpolated l]odc  alnplitudes are rnultiplicd  by t}}c reaction wliccl forces. The  results
arc thcll  addecl in quadrature for each of the 7 outputs.

(outputs 1-3 are co,lnbincd  in quadrature to yield the r.]n, s.. angular deviations between tllc bcarns  in the hca)n
co~ulhillcr,  C)utputs  5-’7 are similarly colnbined  to yield r.in.s. angular motion of the metrology boo]n.  ‘J’he angular
deviations are multiplied by the nominal vector joilliug  the tip of tllc metrology boom the the end of the siclerostat
booln.  Out])ut  4 is t}lc r.in.s. 01’1}  between the siclcrc)stat  trains.

6  ItItStJI,TS

6.1 Non-isolated Reaction Whed

Figure 5 (Icft  c.olu)nn) SIIOWS  results for the three outputs when the reaction wheel is directly coupled to the
structure without any isolation. Nominal wheel spcccls of = 200 rpm ca~l be expected. (rl’he bias  is used to prevent
the wheel fro]n ever reversing direction when gravity gradients become  large. ) Figure 5b SIIOWS the visibility loss
due to angular deviations. Tile visibility loss is given approxilnatc]y  by

V=- lsinc.(2  * rr * 00 * d/J)l , (7)

wllc:rc U8 is the r.in.s. angular c]eviaticm,  d is lmaIIi dia~nctcr,  and A is the wavelength (taken as 0.55 pin). FigLlres
5 (top a~ld lniddle)  show that at wheel speeds greater than 600 rpm, the undamped reaction whcc]  induces optical
errors that exceed allowable tolerances.

6 . 2  Isolated Ihmcticm WhCCl

Figure 5 (right column) shows the results when tile isolator described in section 4 is usecl to couple the reaction
WIICCI to the structure. For 01’1)  and beam  angular fluctuations, the isolator has little effect for wheel speeds below
400 q)]n.  “his is because low order (low frequency) ~nodes do not affect these tcr]ns;  only higher wheel harmonics at
these low speeds induce optical errors. At higher whcc]  speeds, the isolator reduces the maxi~nurn 01’1)  error from
75 rim at to about 3 nm. Visibility loss duc to r]ns a~lgular  deviations is reudcred  essentially negligible. hletrology
beam walkoff, which is sensitive to low order moclcs  (flexurcs of the lnctrology  boo]n),  is greatly itnproved  above
100 :r])ln.

7  CONCI,tJSION

Unlike previous rnodcls of an orbiting interfcronleter  [10], in which the oJ~tical  and structural moclels were contained
in separate cnviron]ncnts,  the IMOS model provides a rncans  of directly analyzing optical perfornlauce  in the
presence of structural perturbations. ‘1’he  perturbations may he either mechanical or thcrlual in nature.

lhd-users of IMOS must have so]ne familiarity with finite elcrnent  rnodcling. Armed with tile basics  of
linear algebra and a few funclame]!tals  of mechanical structures, lhfOS allows the engineer to undcrstaud opti-
Ca]/lllCC]lalliCal/t}lerI1l?l]  interactions without tllc corlstraiuts  irllposed by stand-alone solutions suc}l as NAS’J’RAN,
SINl)A/rl’RASYS,  COI)E V, or CoMI’. hlorc  irnpc)rtant,ly,  with tllc lhl OS workhcnch,  tllc subsystems can be
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Figure 5: Reaction w}]eel vibration results. Left column is for a non-isolated reaction wheel. Right column uses
the isolator d~cribed  in section 4, Top: R.MS C)PD between optical trains from siderostats 1 and 7. Middle: RMS
visibility loss clue to relative angular deviatiot]s  between the beams as they are combined on the detector. Ilottom:
Walkoff  of a l[mtro]ogy  laser beam on a cor~,cr  cube located on sicierostat  7.
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rcrtcsigllcct or Illodificd allowing iln]l[cctiatc  understallding  of the ilnpact on other  sulwystcrns  as welt as overall
systcln  ljcrfc]rtnatlcc.

‘J’hc  results prcscntcd  in this paI)cr rcprcscnt  only the hcginnings  of our 0S1 study.  Wc arc currently irnplc-
Illclltil]g  the thcrtna]  Irnodulc.  }arth/Sun IIeatillg in a realistic orbital scenario will cause tllc structure to deform.
In tllc thermal problcln,  which is slow but potentially of large a]nplitudc, wc arc conccrncd  that dcforlnation  may
cause large lllisaligtl~l-lcllts that excecct the lilnitations  of guidirlg  optics.

‘1’lIc structural work is also progressing. Wc have idc]ltificct which rnoclcs arc ~nost  costly ill terlns of 01’1) and
visibility loss. ‘J’his allows us to target particular parts of the structure for pa~sivc  or active clatopcrs.  Wc arc also
inverting the rcacticm wl}ccl problc~n; givcl] optical tolcra]lccs,  wc can set tolerances on the allowable structural
perturbations. “1’his c.ou]d potentially lead to a cost savings if lCSS cxpcnsivc  (but noisier) reaction whcc]s  arc found
to I,c capat)le  of rncct,ing  the SICW rcquirclrlcnt,s.

8 AC; KNOWl,F/ll  C; NMF,NTS

Wc arc ~,lcascd to acknow]cdgc  the assistance of J. Melody, who providccl the reaction wheel and isolator lnodcls,
as WCII as numerous other useful suhroutincs.  Wc would like to thank J. Melody, 1,. Nccdlcs,  W. l.cdcbocr,  M.
Mil]lman, R. Norton, and 1’. }Iaiocco for nurncrous  technical discussions. 1,. ‘J’cnn  crcatcd  the first structural models
of 0S1. ‘1’hc  Jet l’ropu]sion  l,ahoratory  is operated by the California lnstitutc  of ‘1’cchno]ogy, under cc)ntract  with
the Natio~lal  Aeronautics ancl Space Adrnillistration.
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